p73, like its family member p53, can induce programmed cell death following DNA damage. Here, we report that this mechanism also involves endoplasmic reticulum (ER) stress and the transactivation of scotin, a protein identified recently as a p53 target able to induce ER stress. By using Tet-On inducible cell lines (Saos 2 osteosarcoma cells that lack p53), we observed that TAp73a elicits significant alterations in the morphology of the ER system, namely in the fine subcellular localization of calnexin. We found that both TAp73a and p53 are strong inducers of scotin. On the other hand, the transcriptionally deficient short isoforms DNp73a did not upregulate the steadystate mRNA level of scotin, as evaluated by real-time RT-PCR. Following the induction of scotin, ER staining with calnexin showed evidence of morphological alteration, with variations in the intracellular concentration of free calcium, visualized by fluo-3 staining. The induction of ER stress by p73 was further supported by the transcriptional induction of Gadd 153, a transcription factor induced under ER stress conditions. In conclusion, the data reported indicate the ability of TAp73a and p53 (not DNp73a) to elicit scotin transactivation and ER stress. This molecular mechanism might contribute to the effector events inducing apoptosis downstream of p73.
p73, like its family member p53, can induce programmed cell death following DNA damage. Here, we report that this mechanism also involves endoplasmic reticulum (ER) stress and the transactivation of scotin, a protein identified recently as a p53 target able to induce ER stress. By using Tet-On inducible cell lines (Saos 2 osteosarcoma cells that lack p53), we observed that TAp73a elicits significant alterations in the morphology of the ER system, namely in the fine subcellular localization of calnexin. We found that both TAp73a and p53 are strong inducers of scotin. On the other hand, the transcriptionally deficient short isoforms DNp73a did not upregulate the steadystate mRNA level of scotin, as evaluated by real-time RT-PCR. Following the induction of scotin, ER staining with calnexin showed evidence of morphological alteration, with variations in the intracellular concentration of free calcium, visualized by fluo-3 staining. The induction of ER stress by p73 was further supported by the transcriptional induction of Gadd 153, a transcription factor induced under ER stress conditions. In conclusion, the data reported indicate the ability of TAp73a and p53 (not DNp73a) to elicit scotin transactivation and ER stress. This molecular mechanism might contribute to the effector events inducing apoptosis downstream of p73. Oncogene (2004 Oncogene ( ) 23, 3721-3725. doi:10.1038 Keywords: Apoptosis; p73; p63; p53; scotin; endoplasmic reticulum; ER; calnexin; gadd 153 p73 is a transcription factor belonging to the p53 family (Kaghad et al., 1997) , which is able to activate specific target genes leading to the induction of cell cycle arrest and apoptosis, cell growth-inhibitory responses believed to be critical for development (De Laurenzi et al., 2000a, b; Yang et al., 2000) as well as for tumorigenesis (see for example Marin et al., 2000; Tschan et al., 2000; reviewed in Melino et al., 2002 reviewed in Melino et al., , 2003 Yang et al., 2002) . DNA damage can induce phosphorylation of p73 by c-Abl, leading to stabilization of the p73 protein (Agami et al., 1999; Gong et al., 1999; Yuan et al., 1999) , while deregulated expression of E2F1 can transcriptionally activate p73 expression . The resultant elevation of p73 steady-state protein level results in the induction of apoptosis.
At least six different p73 proteins (a-Z) are generated in normal cells by alternative splicing at the COOH-end of the molecule (Kaghad et al., 1997; De Laurenzi et al., 1998 , 1999 . Antithetically, the N-terminus of the protein exists in different shorter isoforms due to either alternative splicing or the usage of a second promoter. Most importantly, these p73 variants lack the Nterminal transactivation domain (DNp73) and show antiapoptotic properties, finely regulating the induction of apoptosis triggered by the full protein containing the transactivation domain (TAp73) (Fillippovich et al., 2001; Grob et al., 2001) . Information on these effects of p73 is somewhat limited by the absence of analytical studies of the molecular mechanism of the regulation of apoptosis. Although the molecular mechanisms through which p73 triggers cell death have not been directly addressed in great detail, there is an overall assumption that p73 uses pathways similar to those described for p53. In keeping with this idea, p73 is able to drive the transcription of several p53-induced apoptotic effectors, including Bax and p53AIP1 (Zhu et al., 1998; Steengenga et al., 1999; Grob et al., 2001; Costanzo et al., 2002) .
In this study, we investigated the ability of p73 to induce apoptosis by using a p73 inducible cell line. Our results demonstrate the ability of p73 to induce endoplasmic reticulum (ER) stress through the induction of scotin.
Taking advantage of Tet-On cell lines able to induce a regulated expression of TAp73a, DNp73a, TAp63a, DNp63a or p53 proteins in the absence of interfering endogenous p53, we investigated the downstream molecular events leading to programmed cell death. Saos-2 cells are p53 null and the expression of p63 and p73 is only detectable with RT-PCR techniques. This allows complete exclusion of the side effect of p53 and minimizes the effect of endogenous p63 or p73 expression. As expected from previous reports (Grob et al., 2001) , TAp73a was able to induce apoptosis at 48 h, while DNp73a was not. Figure 1 shows the induction of proteins in the Tet-regulated system and the corresponding level of induction of apoptosis, as evaluated by FACS analysis measuring the sub-G1 DNA content. Unexpectedly, the induction of TAp73a caused a change in the subcellular localization of calnexin, indicating that the ER underwent the formation of aggregates at 48 h of induction with doxycyclin (individual cells started to show calnexin clumping from 36 h, data not shown). These aggregates could be detected following TAp73a expression (Figure 1a-d ), but not after the induction of DNp73a (Figure 2e -h).
To further confirm the induction of ER stress by p73, we evaluated both the induction of Gadd 153 and the modulation of intracellular free calcium, two ER-related events. Gadd 153, also known as CHOP, is a growth arrest and DNA damage-inducible member of the CCAAT/enhancer binding protein (C/EBP) family of transcription factors (Matsumoto et al., 1996) , which has been associated with mediating ER stress (Wang et al., 1996; Zinszner et al., 1998) and in other cell types, it downregulates the antiapoptotic protein Bcl2, thereby sensitizing the cells to ER stress (McCullough et al., 2001) . Gadd 153 is strongly induced after 48 h of TAp73a induction in cells undergoing apoptosis, as shown by chromatin condensation evaluated by DAPI (Figure 2i-n) . Finally, Figure 3 shows that p73 expression reduces intracellular free cytosolic calcium content, evaluated using fluo-3 as a probe. The ER changes precede the full apoptotic response, suggesting that they are actually contributing to it, rather than simply responding to it.
Next, we attempted to investigate the molecular mechanism through which p73 can elicit ER stress. Recently, the expression of scotin, a novel protein able to trigger ER stress, has been demonstrated to be driven by p53 (Bourdon et al., 2002) . Scotin is strongly induced by p53 and p53 responsive elements have been found in the mouse scotin promoter (S1 p53-binding site is at circa À700 bp). Scotin is a putative transmembrane 23 kDa protein able to colocalize with the ER protein gp96/GRP94 via its proline domain at the C-terminus. Consequently, scotin elicits apoptosis as detected by sub-G1 DNA-containing events, caspase 3 activation and inhibition by caspase inhibitors; conversely, antisense inhibition of scotin results in a marked impairment, but not total abolishment, of apoptosis. Based on these observations, we decided to examine whether the expression of scotin could be driven by the different Figure 1 TAp73 triggers cell death. Saos-2 cells stably transfected with a doxycycline-inducible vector containing the TAp73a (a-c, g) or the DNp73a (d-f, h) gene were induced with doxyclycine for 48 h. At the indicated time points, cells were fixed and immunostained for HA tag (a-f, green). Apoptotic nuclei were detected using an in situ cell death detection kit (a-f, red), and nuclei were visualized by DAPI staining for chromatin condensation (a-f, blue). At the same time points, protein expression was also checked by Western blot, using an anti-HA antibody (g, h, top row) and evaluated by laser densitometry (g, h, second row). The percentage of apoptosis was evaluated by propidium iodide staining and quantified by flow cytometry (g, h, third row). The Tet-On system (Clontech, Palo Alto, CA, USA) based on Saos-2 cells (ATCC #HTB-85) was established to express selectively human a isoforms of TAp73, DNp73 and hp53 cDNAs. TAp73a and p53 Tet-On and pTet-On basic Saos-2 osteosarcoma cells were originally described (Nakano et al., 2000) . Tet-On Saos-2 cells were cultured in DMEM, 10% FBS (Clontech); hygromicin 0.3 mg/ml was added to maintain the selection. For induction of the expression of specific cDNAs, doxycycline at a concentration of 2 mg/ml was used and the cells were collected at the time indicated after treatment. For Western blot analysis, after doxycycline induction for the indicated times, cells at 50% confluency in a 75 cm 2 flask were detached using trypsin-EDTA solution and resuspended in 300 ml of PBS containing 1 mM AEBSF and 5 mM DTT and sonicated. Total protein (30 mg) was then loaded on a 10% acrylamide gel and transferred onto a PVDF membrane. Nonspecific binding was reduced by blocking with PBS-Tween 0.01%, non-fat dry milk 5%. p73 was revealed with the anti-HA at 1 : 500 (clone B3, Santa Cruz) in blocking buffer for 1 h followed by three washes with PBS-tween 0.01%. The membrane was then incubated with the secondary goat anti-rabbit antibody at 1 : 10 000, coupled to HRP (Santa Cruz), followed by three washes with PBS-tween 0.01% and chemioluminescent reaction (Supersignal Pierce). For flow cytometry, fixed cells were stained with propidium iodide and analysed by exciting at 488 nm in a FACS-Calibur (Becton Dickinson); 10 000 events (red fluorescence) were evaluated for each point, and aggregates were identified and excluded by electronic gates members of the p53 family, namely TAp73a, DNp73a or p53. After doxycyclin induction, we collected different time points for each cell line in order to analyse scotin expression levels by semiquantitative RT-PCR (Figure 4a) . The results show a significative induction of the scotin transcript only following the expression of p53 and TAp73a, as summarized in Figure 4b . Indeed, DNp73a induction has no effect on scotin transcription. Human TAp73a and p53 induce the gene . After 24 h, they were treated with 2 mg/ml doxycycline for the indicated time. Cells were then fixed for 10 min with 4% PFA and permeabilized for 2 min with 0.2% TX-100, 0.1% sodium citrate at room temperature (RT). Nonspecific binding was reduced by incubating cells with 5% BSA at RT for 30 min. Cells were then incubated with anti-calnexin antibody diluted 1 : 1000 in PBS (Clone AF18 from ABR affinity Biorreagents) or with anti-gadd 153 antibody diluted 1 : 100 in BSA for 1 h at RT (Gadd 153 monoclonal, clone B3, from Santa Cruz). Cells were then washed three times with 5% BSA and then incubated for 40 min with Alexa Fluor 488 F(ab)2 goat anti-mouse (Molecular Probes) diluted 1 : 2000 in 5% BSA. Cells were then rinsed three times with PBS and finally nuclei were stained for 5 min using 1 mg/ml DAPI (Molecular Probes) diluted in PBS. After a final wash cells were mounted using Prolong Antifade Kit (Molecular Probes) and observed through a Nikon C1 confocal microscope exciting with a 405 nm Band of a Violet Indium Gallium Nitride Diode laser and with a 488 nm Band of an Argon ion laser. Images were acquired using EZ C1 software (Nikon). Bar indicates 20 mm (identical for each row) Figure 3 p73 induces modifications of intracellular calcium levels. Intracellular free cytosolic calcium content was evaluated using fluo-3 fluorescent probe. Values are expressed as fold over control and represent fluo 3 mean fluorescence gated on morphologically living cells. After doxycyline induction for the indicated time, 1 Â 10 6 Saos-2 cells were detached using Trypsin-EDTA solution and resuspended in PBS containing 10 mM fluo-3 (Molecular Probes). After 20 min incubation at 371C, cells were washed twice in calcium free PBS and then resuspended in phenol red free medium. A total of 10 000 events were acquired using a FACSCalibur (Becton Dickinson) cytometer exiting with a 488 argon ion laser and collecting green fluorescence with comparable kinetics, suggesting the usage of the same responsive elements on the human scotin promoter by both p53 and TAp73a. In order to obtain more accurate quantitative data, we confirmed the results using real-time PCR, as shown in Figure 4c . The inset in each experiment reports the decrease in cycle threshold already detectable at 6 h, and evident at 12 h of protein induction. This is kinetically compatible with the ER alteration detected in Figure 2 .
ER stress seems to play a relevant role in apoptosis by integrating several signals such as unfolded proteins, calcium depletion, inhibition of glycosylation, viralor hypoxic stresses (for reviews, see for example Kaufman, 1999; Ferri and Kroemer, 2001 ). Interestingly, p53 also seems to induce apoptosis at least in part by eliciting ER stress via the transactivation of scotin (Bourdon et al., 2002) . In conclusion, the data herein reported support the observation that TAp73a and p53 1D software) . The data obtained are relative values normalized on a percentile scale. Total RNA was extracted using the Qiagen (Crawley, UK) RNeasy mini kit. Reverse Transcription reactions were performed using the Superscript-II enzyme (Invitrogen; Paisley, UK), using 500 ng of total RNA, according to the manufacturer's instructions. A fragment of 294 bp of Scotin coding region (spanning nucleotide 331 to nucleotide 625 of the GeneBank Document ID #21703709) was amplified by PCR using primers Scotin-F1 5 0 -TGTGGAGCGAG-GAAAGGTGTG-3 0 ( þ strand) and Scotin-R1 5 0 -TTGGAGGCTGAGGATAAGGGG-3 0 (À strand), under the following conditions: standard PCR buffer with 1.5 mM MgCl2 and 2.5 U of Taq polymerase (Promega; Madison, WI, USA), 4ml of cDNA and primers 0.4 mm concentrated, in a total volume of 25 ml. The following PCR program was used: 941C for 2 min and 30 s; followed by 32 cycles of: 941C for 35 s; 571C for 35 s; 721C for 30 s, with a final extension of 5 min. After the PCR, 12 ml of the amplified fragments were analysed on a 1.7% agarose gel (TBE 1 Â ), ethidium bromide stained. Quantitative data were obtained by real-time PCR (c). The cycle threshold (CT) at 0, 3, 6, 12 h is shown in the inset. Both p53 and TAp73a a induce significant transcription of Scotin. Reverse transcription reactions were performed using 250 ng of total RNA and the Superscript-II enzyme as described above. Real-time reaction was performed on an ABI-7000 SDS instrument (Applied Biosystem, Foster City, CA, USA), using the SYBRGreen supermix (#4309155,Applied Biosystem) in a total volume of 25 ml. The same fragment of 294 bp was used for amplification using primers Scotin-F1 and Scotin-R1 0.4 mM, and 2 ml of cDNA. The PCR program was the same as above. The same fragment of 294 bp was used for amplification using primers Scotin-F1 and Scotin-R1 0.4 mM, and 2 ml of cDNA. The PCR program was the same as above (but not DNp73a) elicit ER stress via the transcriptional induction of scotin. This molecular mechanism might contribute to the events inducing apoptosis downstream of p73.
